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Weyl photons appear when two three-dimensional photonic bands with linear dispersion are degenerate at a
single momentum point, labeled as Weyl point. These points have remarkable properties such as being robust
topological monopoles of Berry curvature as well as an associated vanishing density of states. Here, we study the
quantum optical consequences of such topological Weyl photons by characterizing the individual and collective
dynamics of quantum emitters close to resonance with these points. Using an exact non-perturbative treatment,
we predict the development of non-exponential decay dynamics due to the emergence of localized photonic
states around the emitters. We find that these bound states, whose wavefunction displays power-law spatial de-
cay, can mediate coherent and topological long-range interactions when many emitters exchange energy through
Weyl photons. Furthermore, by exploiting the topological protection of Weyl points, we provide a recipe to tune
the range of the mediated interactions while keeping their power-law nature, something not possible in any other
photonic platform. Thus, Weyl photons enable coherent, tunable, long-range interactions between emitters, and
therefore can become a very valuable platform in the context of quantum simulation.
Bridging topology and photonics opens exciting avenues to
control and mold the flow of light in exotic ways [1–3]. In
three-dimensions (3D), a remarkable paradigm of such effects
are the photonic counterpart of Weyl fermions [4]. Weyl pho-
tonic excitations appear in structures that break time-parity
symmetry, leading to the emergence of the so-called photonic
Weyl points. These are points in reciprocal space in which two
linearly dispersive bands touch creating a singular band-gap,
much in the same way as occurs in Dirac two-dimensional
systems [5]. However, a key difference with respect to them is
that Weyl points are topologically protected: a Weyl point can
only be annihilated when it meets another Weyl point with op-
posite chirality [6], providing them important advantages such
as robustness to disorder [7, 8]. These unique properties mo-
tivated a race for their experimental observation, which was
first achieved in double-gyroid photonic crystals [9], and then
followed by many other proposals and demonstrations [10–
24].
Even though the properties of Weyl photons themselves
have been mostly established, their impact on light-matter in-
teractions remains largely unexplored. An intriguing ques-
tion arising in this context is whether the unique features
of Weyl points translate into unconventional quantum opti-
cal behaviour, like it happens with stantard photonic band-
gaps [25–28]. In this letter, we address this question by study-
ing the individual and collective dynamics of quantum emi-
tters (QEs) interacting with a photonic Weyl environment, and
predict that they lead to several distinctive phenomena. First,
we show the development of non-exponential decay dynam-
ics of a single emitter, even if the bath density of states at
their transition frequency is strictly zero and smooth around
it. This occurs because a photonic bound state forms around
the emitters, which we also show to have fundamentally diffe-
rent properties compared to those appearing in standard pho-
tonic band-gaps [25–28]. We show that these bound states
display a power-law spatial decay, 1/dγ , whose exponent γ
can be tuned between γ ∈ [3/2,3] by exploiting the topolog-
ical robustness of the Weyl points. Furthermore, we show
that these tunable bound states are especially relevant when
many emitters couple to a Weyl photonic bath, because they
mediate decoherence-free, tunable, and long-range interac-
tions between them. Thus, Weyl photonic platforms stand as
very unique systems to develop applications that harness long-
range emitters interactions, such as the generation of long-
distance entanglement [29], creation of large optical non-
linearities [30], or the quantum simulation of long-range in-
teracting many-body physics [31–37]. In addition, this work
opens us a fundamentally new in direction in the emerging
area of topological quantum optics [38–40].
To illustrate our findings we use the discrete photonic la-
ttice sketched in Fig. 1(a), consisting of a nearest-neighbour
staggered hopping model (of lattice constant a and hopping
strength J). Such system defines a bipartite lattice of localized
photonic modes (A/B sublattices), whose Hamiltonian reads
(taking h¯ = 1) [41, 42]:
HB = J∑
r
[(−1)x+y(c†rcr+azˆ− c†rcr+ayˆ)
+c†rcr+axˆ+H.c.]+M∑
r
(−1)x+yc†rcr , (1)
where c†r (cr) is the creation (annihilation) operator of the pho-
tonic mode at the position r, and where we are already taking
the energy of the photonic modes at each site as the energy
reference of the problem. In Eq. (1) we also assume that the
system features a tunable sublattice frequency offset M, so
that the frequencies of the photonic modes in sites A and B are
+M and −M, respectively.
By imposing periodic boundary conditions, and by writing
HB in k-space, HB can be readily diagonalized [43], result-
ing in two energy bands ±ω(k). In Fig. 1(b) we plot a two
dimensional cut of ±ω(kx,0,kz) computed for M = 0, where
it is clear the emergence of four Weyl points at {kxa,kza} =
{±pi/2,±pi/2} at frequency ωW = 0. Figure 1(c) displays the
corresponding density of states D(ω), which shows the ex-
pected quadratic dependence in the vicinity of the Weyl point.
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Figure 1. (a) Schematics of the analyzed system. Blue (red) shallow
cylinders represent sublattice A (B) of the system. Solid and dashed
arrows correspond to positive and negative first-neighbour hoppings,
J, respectively. M denotes the sublattice frequency offset, whereas
a is the lattice constant. (b) Dispersion relation of the lattice shown
in (a), for M = 0 and ky = 0. ωW marks the frequency of the Weyl
points. (c) Density of states, D(ω), associated to the lattice shown in
(a). (d) Dynamics of the quantum emitter’s excited state population,
|Ce(t)|2, calculated for ωe = ωW and M = 0. Solid and dashed lines
correspond to exact and perturbative approaches, respectively. Inset
shows |Ce(t→∞)|2 versus M (the blue dot marks the case considered
in the main figure). For M 6= 0 a finite detuning ωe−ωW = ∆c is
assumed. All displayed results correspond to g = 0.5J.
Additional non-analytic spectral regions, such as band-edges
and Van Hove singularities, appear in D(ω), which although
will not be the focus of this work, can also be source of non-
trivial quantum dynamics [44].
As mentioned, the main motivation of this work is to study
the quantum electrodynamical features of Weyl photons. For
that, we start by considering the case of a single QE, descri-
bed as a two-level system ({|g〉 , |e〉}), whose optical transi-
tion (with detuning ∆ with respect to the Weyl point) couples
to such type of photons. The full quantum electrodynami-
cal Hamiltonian of that problem reads H = He +HB +HI ,
where He = ∆σee describes the intrinsic QE dynamics, and
HI is the light-matter interaction term, HI = g(crσeg+H.c.)
(the parameter g is the light-matter interaction strength to the
cr mode [45]). Throughout this work we use the notation
σµν = |µ〉〈ν | for the spin operator of the QE.
The first relevant situation in this context is the so-called
spontaneous emission dynamics problem [26]. There, one as-
sumes the QE is initially excited with no photons in the bath
(|vac〉B), and study the decay of its population (|Ce(t)|2) due
to the interaction with the bath. Perturbative treatments, like
Fermi’s golden rule or Markov approximation [46] (which as-
sume a smooth density of states around the QE frequencies),
predict an exponential decay of the population at a rate propor-
tional to the density of states at the QE frequency, i.e., ΓM ∝
g2D(∆). Since the Weyl photonic bath shows D(ω) ∝ ω2 for
|ω|  J (see Fig. 1(c)), one expects to see a no decay dynam-
ics as the one plotted in dashed line of Fig. 1(d) when the QE
frequency exactly matches the Weyl point. However, when
calculating exactly the dynamics (see details in [43]), as plot-
ted in the solid line of Fig. 1(c) for a situation with g = 0.5J
and ∆ = 0, we observe the first surprising difference: the QE
features first an initial decay at short times, followed by a set
of oscillations, after which it settles down to a value that we
found to be [43] |Ce(t→∞)| ≈ 1/[1+0.25(g/J)2]. Thus, per-
turbative predictions are only approximately recovered when
g/J 1. Previous works in conventional photonic band-gaps
have interpreted this type of fractional decay [26] as the sig-
nature of a light-matter bound state associated to the presence
of non-analytic gapped regions of D(ω) in the close vicinity
of QE frequency. Remarkably, in this work we obtain a sim-
ilar non-Markovian decay near the Weyl point, which lies in
the middle of a smooth spectrum.
Despite the similarities of the obtained QE dynamics with
that found in standard photonic band-gaps, the emergent
bound state (BS) giving rise to the steady-state population
|Ce(t → ∞)|2 shown in Fig. 1(d) displays very different fea-
tures from the ones appearing in these environments. To
evidence this, we calculate the exact bound state wavefunc-
tion in the single-excitation subspace |ψBS〉 = (CBSe σeg +
∑rCBSr c
†
r) |g〉 ⊗ |vac〉B using the secular equation H |ψBS〉 =
EBS |ψBS〉. In particular, we focus on the spatial distribution of
the BS photonic component (CBSr ), which we plot in Fig. 2 for
several illustrative parameters for a lattice of size 20×20×20
(in all cases |CBSr | has been normalized by (g/J)|Ce(t→ ∞)|).
For ∆= 0 (and M = 0), we find that the BS energy is EBS = 0,
and that its photonic component localizes around the QE
mostly in an isotropic fashion with a power-law spatial decay
∼ 1/d2. This is clearly visualized in Figs. 2(a) and (d), which
display, respectively, the 3D spatial distribution of |CBSr | near
the QE and its dependence along the xy- and z-directions. This
type of spatial decay is in stark contrast with the exponential
decay found in conventional photonic band-gaps. This power-
law BS behaviour can be associated to the singular nature of
the band-gap around the Weyl point [44, 47]. Importantly,
as we discuss below, the topological protection of the Weyl
points enables simultaneously a unique feature, that is, the
tunability of that power-law behaviour.
To illustrate this tunability, we focus now on the situation
in which M 6= 0. The topological protection of Weyl points
implies that by tuning M ∈ (−2J,2J), one can change locally
the band structure without opening a band-gap, which only
happens at |M| ≥ ±2J when two Weyl points of opposite chi-
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Figure 2. (a), (b), (c): Three-dimensional real-space distribution
of the photonic probability amplitudes (|CBSr |) corresponding to the
light-matter bound state emerging in the system at long-times for (a)
M = 0, (b) M = J and (c) M = 2J. Blue (red) corresponds to the
minimum (maximum) value of |CBSr |. Panels (d), (e), and (f) show
the calculated dependence of |CBSr | along the xy-directions (circles)
and z-direction (squares), as a function of the distance d to the quan-
tum emitter for (d) M = 0, (e) M = 1 and (f) M = 2. In these panels,
blue and red correspond to sublattice A and B sites, respectively. The
same values for g and the detunings ∆ = ωe−ωW as in Fig. 1 are
assumed.
rality meet in k-space. Then, while the steady-state population
in the spontaneous emission dynamics remains mostly flat (as
shown in the inset of Fig. 1(d)), the spatial distribution of the
BS that appears at EBS = 0 changes dramatically with M. Fi-
gures 2(b) and (c) (corresponding to M = J and M = 2J, re-
spectively) show how, as the value of M grows, |CBSr | starts
departing from the isotropic distribution found for M = 0 and
becomes increasingly confined in the xy-plane. Remarkably,
this behavior is reflected in the fact that the power-law expo-
nents governing the spatial decay of |CBSr |, 1/dγ , can actua-
lly be varied in the interval γ ∈ [3/2,3], depending on M and
the spatial direction under consideration (see Figs. 2(e) and
2(f)) [48]. The possibility of obtaining different power-law
decays in the same photonic platform does not have, up to our
knowledge, any counterpart in any other photonic scenario.
Futhermore, we expect that the BS will inherit the robustness
to disorder of the bath [7, 8], similarly to what occurs in topo-
logical photonic waveguides [49].
The physical relevance of these tunable BSs becomes most
apparent when many QEs couple to the bath at ∆ = 0.
In that case, as we discuss below, these BSs can mediate
decoherence-free emitter interactions. This can be shown ex-
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Figure 3. Dynamics of the excited state populations of two emitters
(|C1(t)|2 and |C2(t)|2, shown in black and pink, respectively), cou-
pled to two different lattice sites with relative position r2− r1 = azˆ.
Both emitters feature ∆ = 0 and belong to sublattice A. The results
for three different values of the sublattice energy offset, M, are shown
(solid, dashed and dotted lines correspond to M = 0, M = 1 and
M = 2, respectively —the color code of each line defines the emitter
to which the corresponding result belongs to). The blue horizontal
solid line marks the excited state population of a single emitter in the
limit t→ ∞ for M = 0. In all calculations g = 0.5J is assumed.
plicitly within a Markovian description of the effective quan-
tum dynamics of the emitters, obtained by tracing out the pho-
tonic degrees of freedom [50], and which is governed by the
following spin Hamiltonian [43, 51, 52]:
Hspin =∑
j j′
Jαα
′
j j′ σ
j
egσ
j′
ge , (2)
without any associated dissipative term. In Eq. (2), Jαα
′
j j′ rep-
resents the interaction between the pair of emitters j and j′
(α,α ′ = A/B denotes the sublattice to which the correspon-
ding emitter belongs to) and σ jµν is the spin-operator of the
j-th QE. The crucial point to realize is that, in the studied
system, Jαα
′
j j′ inherits the dependence with the distance be-
tween the two emitters (|r j− r j′ |) from the space dependence
of the BS photonic wavefunction, i.e., JAA(AB)j j′ ∝C
BS
r j−r j′ [43].
This, in turn, allows Weyl photons to mediate decoherence-
free, long-range, tunable interactions between the emitters. To
prove it numerically, Fig. 3 shows the dynamics of the excited
state population associated to two emitters (labeled as 1 and
2) coupled to two different A-sites of the Weyl lattice (such
that r2− r1 = azˆ). As seen, we obtain the signature of the
above described interactions, that is, the reversible exchange
of excitations between the two emitters when one of them is
initially excited and the other one is in the ground state. In
particular, Fig. 3 shows that a long-lived coherent exchange
of excitations takes place between the QEs for the three con-
sidered values of M (M = 0, M = J and M = 2J, shown as
solid, dashed and dotted lines, respectively). Note that, since
Fig. 3 corresponds to exact calculations of the dynamics, the
observed oscillations are not complete, reaching a maximal
value coinciding with the steady state population |Ce(t→∞)|2
shown in Fig. 1(d) (marked by a blue horizontal line in Fig. 3).
Finally, to reveal whether the interactions Jαα
′
j j′ also inherit
4the topological structure of the Weyl photonic bath through
the BS wavefunction, we computed the associated dispersion
of the single-particle sector of Hspin as a function of the num-
ber of neighbours included in the hopping model (which we
quantified through the distance s of the farthest neighbour
from any given emitter). Figures 4(a), 4(b), and 4(c) dis-
play the calculated dispersions along kz (assuming kxa = pi/2
and ky = 0) for M = 0, M = J and M = 2J, respectively.
In the three cases, we observe that indeed, due to the long
range of the interactions, the dispersion is rather sensitive to s
(we expect convergence with s by including enough terms in
Hspin). Both for M = 0 and M = J we see an apparent cross-
ing between the bands, whose location rapidly converges with
s (no band crossing is observed for M = 2J [53]). By ana-
lyzing the dispersion in all k-directions around these cross-
ings, we found that they are actually Weyl points. This is
corroborated by the distribution of the Berry curvature in the
vicinity of these degeneration points. Figures 4(d) and 4(e)
display a cross-section of the Berry curvature [54] along the
{kx,kz} plane (with ky = 0), calculated for largest value of s
(s/a = 9) considered in Figs. 4(a) and 4(b), respectively. The
topological character of the Weyl points (magenta circles) as
sources or drains of Berry curvature is clearly visualized (for
comparison, Fig. 4(f) shows the results M = 2J, in which no
Weyl points are present). Thus, we conclude that the non-
interacting part of the effective spin Hamiltonian indeed in-
herits the non-trivial topological properties of the underlying
photonic bath.
In conclusion, we have studied the quantum optical con-
sequences of letting quantum emitters interact through Weyl
photons. Using an exact formalism, we have uncovered
several distinctive features of the individual and collective
quantum emitter dynamics induced by these type of photons.
Among these features, the generation of decoherence-free,
tunable, long-range interactions obtained by exploiting the
topological properties of Weyl points stands out as the most
important result of this Letter, with potential applications in
quantum information and simulation. Beyond the particular
realization reported here, we believe that the concept of using
topological protected points to enable tunable long-range in-
teractions could be exported to other setups to find different
power-law behaviours, and could stimulate further research of
novel quantum optical phenomena in other topological pho-
tonic setups.
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Figure 4. (a), (b), and (c): Dispersion relation along kz (with
kxa = pi/2 and ky = 0) corresponding to the effective spin Hamil-
tonian discussed in the main text for M = 0, M = J, and M = 2J,
respectively. Results for different values of the distance (s) of the
farthest neighbor included in the effective model are shown. The
color gradient (from dark to light) denotes increasing values of s/a
in the set s/a = 1,3,5,7,9. (d), (e), and (f): Berry curvature in the
ky = 0 plane corresponding to the bands in (a), (b) and (c), respec-
tively, as computed for the case s/a = 9. In panels (d) and (e) the
positions of the Weyl points are indicated by magenta circles.
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